Abstract-The
Improved Power Conversion Efficiency of InGaNcontents need to be low (e.g., optical band gap around the ultraviolet regions), and the InGaN epilayer thickness needs to be within hundreds of nanometers to avoid generating excess TDs [9] . Several techniques, such as selective area growth and epitaxially lateral overgrowth for GaN/sapphire template substrates, have been developed to reduce the TD density to a lower level (∼6 × 10 7 cm −2 ) [11] , [12] . However, the epilayer might be as thick as tens of micrometers to achieve a low TD density, thereby smoothing the surface of GaN films. In contrast, backmirror reflectors are utilized to increase the photocurrent up to 18.4% in the thin absorption layer [2] , [4, and references within]. To further increase the photocurrent of InGaN-based PV devices, the indium contents must be raised to a higher level (e.g., visible-light regions) and reach an appropriate absorption layer thickness. In this letter, the sapphire substrates with truncated-cone patterns were used to grow InGaN-based PV devices, and the related PV performance in electrical and optical properties were also shown in this letter.
II. EXPERIMENTS
InGaN epitaxial layers were deposited on c-face sapphire substrates by a commercial metal-organic vapor phase epitaxy reactor. Both a conventionally flat sapphire substrate (FSS) and a patterned sapphire substrate (PSS) were simultaneously used during the epitaxy process. The PSSs were prepared via conventional photolithography and dry-etching process. As shown in Fig. 1(a) , the PSS featured truncated-cone patterns in the closely triangular package with a spacing of 1.5 μm. The height, top, and bottom diameters of each pattern were 1.5, 1.0, and 3.0 μm, respectively. The growth process involved a thin lowtemperature GaN nucleation layer and a 4.0-μm-thick undopedGaN (u-GaN) layer consisting of a 1.0-μm-thick u-GaN under a chamber pressure of 500 torr and a 3.0-μm-thick u-GaN grown under a pressure of 100 torr to feature lateral, coalescence, and quasi-2-D growth models to achieve a smooth surface.
Each step of u-GaN on the PSS is shown in Fig. 1 (b) and (c), respectively. After both u-GaN template substrates were prepared, the main p-i-n structure, consisting of a 1-μm-thick Si-doped n + -GaN layer (n ∼ 5 × 10 18 cm −3 ), an undoped Al 0.14 Ga 0.86 N/In 0.21 Ga 0.79 N (4/3 nm for 14 pairs, respectively) SPS layer, and a 0.1-μm-thick Mg-doped p-GaN (p ∼ 5 × 10 17 cm −3 ) layer, was sequentially grown. The alloy contents and the layer thickness were calibrated by X-ray diffraction analyses based on a 100-nm-thick Al 0.14 Ga 0.86 N 0741-3106/$26.00 © 2011 IEEE bulk layer and a 14-pair GaN/In 0.21 Ga 0.79 N SPS structure deposited on the u-GaN and/or FSS templates. Samples with epilayer structures deposited on the FSS and the PSS were labeled as PV-A and PV-B, respectively. The device fabrication process was similar to our previous work [6] , [13] . Finally, a 200-nmthick SiO 2 antireflection layer was coated via plasma-enhanced chemical-vapor deposition. The device area and the electrode coverage rate were 1 × 1 mm 2 and 11.4%, respectively. Fig. 2 shows the relative external quantum efficiency (EQE) room-temperature photoluminescence (PL) spectra as a function of incident photon wavelengths and photon energy, respectively. A slight redshift in the absorption edge of PV-B was clearly observed, as compared with PV-A. This is consistent with the PL results, which characterized the peak positions of the PV-A and PV-B samples as 2.793 and 2.780 eV (444 and 446 nm), respectively. When the same p-i-n epilayer structure was simultaneously deposited on both substrates, the relatively thinner thickness of u-GaN on the PSS resulted in a relatively higher compressive strain (i.e., with an effectively larger c-axial length) [14] . Although this redshift could be beneficial for broader solar-spectrum absorption, it should be carefully considered because the excess strain would eventually relax, generating additional TDs to result in leakage paths in the PV devices. Fig. 3(a) shows the typical current-density-voltage (J-V ) characteristics and solar parameters measured under the global air-mass 1.5 (AM1.5G) irradiance. Noteworthily, the PV-B samples with a relative lower optical band gap exhibited a higher open-circuit voltage V OC . V OC is strongly dependent on the saturation current (or the reverse leakage current) of PV devices. At a given reverse bias of 10 V, the dark current density of the PV-B samples was measured to be 3.0 × 10 −5 A/cm 2 , which is lower than that of PV-A (1.1 × 10 −4 A/cm 2 ), as shown in Fig. 3(b) . This improvement could be attributable to the slight reduction of the TD density by the lateral growth on the PSS [15] - [17] . Although a series of concaves on the PSS was filled with the u-GaN epitaxy associated with the bending of TDs, TDs in the epitaxial layers could be the primary factor behind the formation of trap states [18] . The leakage current in the GaN/sapphire-based optoelectronic devices mainly originates from defect-related states that produce trap-assisted tunneling and/or recombination. In principle, the PV-B samples with a slightly lower optical band gap, as compared with the PV-A samples, would have a higher short-circuit current density (J SC ). Compared with the PV-A samples, the calculated enhancement of J SC is within 10%. However, the measured J SC of PV-B (1.21 mA/cm 2 ) was enhanced by 26%, as compared with PV-A (0.96 mA/cm 2 ). In addition to the small difference in the E g value of InGaN absorption layers between the PV-A and PV-B samples, the increased J SC of PV-B is attributable to the positive effects of the PSS. To clarify the influence of the PSS on the device efficiency, the relative internal quantum efficiency η int of the PV cells was indirectly evaluated via the intensity integral of temperature-dependent PL spectra [19] . In principle, the thermal quench of luminescence in the absorption layer (Al 0.14 Ga 0.86 N/In 0.21 Ga 0.79 N superlattice) is mainly due to the fact that carriers thermally escape from quantized states into the barrier states and/or are captured at nonradiative recombination centers in the active layers. The integrated PL (IPL) intensities as a function of temperature taken from PV-A and PV-B are displayed in the inset of Fig. 3(b) . The IPL of both samples gradually declined with the increase in temperature. However, the decline rate of the IPL in PV-A was notably higher than that of PV-B, particularly when the temperatures were close to 300 K. This result indicates that the thermal quench of the IPL resulting from the capture at nonradiative recombination centers in PV-A had a relatively higher probability compared with that of PV-B. This result is consistent with the results that PV-B exhibited relatively higher J SC and V OC , as shown in Fig. 3(a) . The higher J SC value could be attributed to the fact that photogenerated carriers recombined with defect-related centers in PV-B were relatively less than that in PV-A. On the other hand, the use of the PSS for the GaN/sapphire-based PV cells was beneficial to the reduction of TDs, which, in turn, leads to a reduction of the leakage current and, hence, the increase in V OC in PV-B.
III. RESULTS AND CONCLUSION
In conclusion, the InGaN-based PV devices deposited on the PSS with truncated-cone patterns have been demonstrated. Enhancements by approximately 26% and 2% in terms of J SC and V OC , respectively, as compared with the PV devices grown on the FSS, have been obtained. The improved PV parameters could be attributable to the positive effects of the PSS on the material quality.
